We propose a dual-parameter detection method to realize the simultaneous optical absorption and viscoelasticity imaging based on photoacoustic lock-in measurement. Both optical absorption and viscoelasticity properties can be obtained simultaneously by analyzing the amplitude and phase of photoacoustic signals. This method is experimentally verified by imaging of gelatin phantoms with different absorption coefficients and viscoelastic coefficients. Furthermore, pilot experiments were performed on an in vivo murine EMT6 tumor from the back of a BALB/c mouse. Results demonstrate that the method can be used to measure the optical absorption and viscoelasticity of different biological tissues.
Photoacoustic (PA) imaging is a hybrid imaging modality, based upon the use of laser-generated ultrasound, which combines the high optical contrast with the high spatial resolution of ultrasound [1] [2] [3] [4] [5] [6] . Since the amplitude of a PA signal is proportional to the optical absorption of the tissue [7] [8] [9] [10] , the contrast of PA imaging is determined by the different optical absorption of different types of tissues. As an attractive candidate for biomedical applications, PA imaging can reveal the optical absorption distribution within the biological tissue [11] [12] [13] [14] . Although the PA method has made great progress in the past decade, there are few achievements that can simultaneously obtain two parameters to eventually provide comprehensive information for pathological diagnosis.
Previously, we proposed and validated viscoelasticity imaging with phase-resolved PA measurement [15] . When biological tissue was irradiated by an intensitymodulated continuous-wave (CW) laser, optical absorption by the tissue resulted in a sinusoidal temperature variation due to the nonradiative transition, and then caused thermal expansion and shrink as well as PA wave generation based on the thermoelastic mechanism. In the above process, the cyclical heating in the local region induced the thermal stress, and the strain would be generated in the form of force-produced PA wave. Because of the damping effect from biological tissues, the PA signal will be lagged behind the exciting laser. Besides PA amplitude being used to reflect the optical absorption structure of biological tissue, the PA phase information can also be used to investigate the viscoelasticity of tissue. Therefore, we proposed a novel method to simultaneously visualize the optical absorption and viscoelasticity properties of biological tissues.
With a lock-in detector, both the amplitude and phase of the PA signal can be recorded simultaneously [16, 17] . Images of the optical absorption and viscoelasticity distribution can then be reconstructed. In this Letter, we testify the feasibility of this method to simultaneously realize the dual-parameter imaging of biological tissues. This novel method takes full advantage of these two parameters to simultaneously assess the functional and biomechanical property of biological tissue. Additionally, two different contrast mechanisms may increase the diagnostic capability of the PA technique in biomedical and clinical studies.
Figure 1(a) shows the basic principle of simultaneous dual-parameter imaging. In the case of intensitymodulated CW excitation, the light intensity is given by where I 0 is the time-averaged light intensity, and ω is the modulation frequency. Consequently, assuming that the Grueneisen parameter is considered spatially constant, the amplitude of PA pressure due to CW excitation is given by P ∝ I 0 [18, 19] . Owing to the damping effect of the biological viscoelasticity, the force-produced PA wave will alternate periodically with the laser intensity with different phase delay. In the rheological KelvinVoigt model, we could obtain the strain response as
where ε A is the amplitude of complex dynamic strain and the phase delay δ can be expressed as [13] δ arc tan ηω∕E;
where E is the Young's modulus, and η is the coefficient of viscosity. Therefore, we can know the relationship between phase delay δ and the viscoelasticity, which indicates the mechanical properties of the tissues. The schematic setup of the dual-parameter imaging method is shown in Fig. 1(b) . A fiber-coupled CW laser operating at the wavelength of 808 nm was used as the excitation source. The intensity of the CW laser was modulated by an electro-optic modulator at 50 KHz with a 90% modulation depth by applying a 4.5 V sinusoidal signal from a function generator. This sinusoidal signal was simultaneously used as the reference signal, which was input to the lock-in detector. The transmitted laser was focused by a focus lens and illuminates the target at a focal point of about 100 μm. The time-averaged laser power density on the sample surface was measured to be well within the American National Standard Institute safety limit of 200 mW∕cm 2 . A customized hollow bowl-shaped ultrasound transducer was used to receive the PA signal. The transducer was made of a piezoelectric ceramic and had a bandwidth of 20 kHz at a center frequency of 50 kHz. The outer diameter of the hollow transducer was 4 cm and the diameter of the hole was 1 cm. The preamplified PA signal was then detected by a lock-in detector (SR830, Stanford Research Systems). During data acquisition, the sample was placed in a container and acoustically coupled with distilled water. The amplitude and phase delay of the signal were analyzed by a computer, which controlled the mechanical scanner simultaneously. The two-dimensional optical absorption and viscoelasticity images were obtained by mechanically scanning the sample over the desired region. The distance from the laser focus to the transducer was kept strictly consistent when the sample was moved.
With the lock-in detector, the difference between the PA signal and the reference signal can be detected. Figure 2 shows the basic detection process of the lock-in detector. The PA signal E 1 sinωt β and the reference signal E 2 sinωt β are fed into the signal channel input and become the two inputs to the multiplier stage. The multiplier output is
The amplitudes of the second harmonic and the dc voltage are both proportional to the amplitude of the PA signal E 1 . To concentrate only on the dc component, the multiplier output is fed into a low-pass filter (LPF) so that the second-harmonic signal is strongly attenuated. The lock-in detector uses phase-sensitive detection to produce a pair of quadrature-demodulated outputs "X" and "Y," where "X" and "Y" signals are the LPF product of the PA signal and the reference signal. The "X" and "Y" signals are in phase component and quadrature component of the PA signal compared to the reference signal, which are different in phase with a shift of π∕2 [20, 21] . The final output R is a dc voltage directly proportional to the PA amplitude, which can be calculated by
and the phase delay can be simultaneously given as
A typical PA amplitude and phase delay were detected from a gelatin phantom by the lock-in detector, as shown in Fig. 3 . Figure 3 (a) plots the ac components of the "X" and "Y" signals in a 0.5 s time window. The PA amplitude "R" and phase delay "δ" are shown in Fig. 3(b) . The dual-parameter images of tissue-mimicking phantoms with different absorption coefficients and viscoelastic coefficients are illustrated in Fig. 4 . Figure 4(a) shows the photography of the tissue-mimicking phantoms. Four samples marked with "a," "b," "c," and "d" contained gelatin with the concentrations of 4%, 4%, 7%, and 7%, respectively. The samples "b" and "d" were interfused of ink with proportion of 4% and 8%, and their absorption coefficients were 1.15 cm −1 and 1.79 cm −1 , respectively, estimated by the UV-Vis spectrometer (Lamda 35, PE, USA). As evident from Fig. 4(b) , the structure of the phantom was depicted by optical absorption imaging, which is sensitive to the spatial variations of optical absorption coefficient. The samples "a" and "c" did not generate significant PA signals owing to relatively weak light absorption of gelatin at a wavelength of 808 nm. Actually, the PA amplitudes of samples "a" and "c" were about 18.3 μV and 20.4 μV, respectively, and the averaged amplitude of the noise signal was about 10.4 μV. Therefore, the SNR of samples "a" and "c" was about 2∶1, which was large enough for the PA lock-in measurement. In contrast, the viscoelastic image shown in Fig. 4 (c) could identify the gelatin with different concentration because the viscoelastic coefficients of the samples were different. However, viscoelastic imaging exhibited low contrast for the samples containing different concentrations of ink. Figure 4(d) showed the mean value and standard deviation of the PA amplitude and phase delay of each sample. The result indicated that the optical absorption and viscoelasticity contrast mechanism could compensate for each other's deficiencies.
The in vivo experiment with murine EMT6 tumor was designed to demonstrate the feasibility of the dual-parameter imaging for biomedical applications. In the experiment, sodium pentobarbital (40 mg∕kg; supplemental, 10 mg∕kg∕h) was administered to keep the mouse motionless. The mouse was secured with a clamp on the two-dimensional scanning stage, mice back was smeared with ultrasound coupling fluid, and was attached to the glass slide on the bottom of the water tank.
The optical absorption and viscoelasticity images of murine EMT6 tumor are shown in Fig. 5 . The optical absorption image shown in Fig. 5(a) could visualize the tumor profile, and the tumor tissue has slightly higher light absorption than that of the surrounding tissue. The viscoelastic image shown in Fig. 5(b) suggested the location of the tumor with sufficiently high contrast to the surrounding normal tissue according to the fact that tumors are stiffer than normal tissues [22] . Indeed, the phase delay in the tumor region was around 41.9 deg, while the phase delay from the surrounding tissue was around 55.6 deg. The similarity of dual-parameter images was mainly caused by the similar distribution of laser absorption and viscoelasticity in the tissue. However, these converse contrast images could provide comprehensive information for pathological diagnosis. was used for the in vivo study and the tumor morphology in the photo can correspond with the dual-parameter imaging results. Figure 5(d) showed the mean value and standard deviation of the PA amplitudes and phase delay within and outside of the dashed oval circle, which corresponded to the tumor area and normal tissues. This result indicated that the tumor can be well differentiated from normal tissue with the dual-parameter imaging method. Finally, sections of tumor and normal tissue were sliced along the normal and tumor region. For each segment, cross sections were stained with hematoxylineosin stain and were shown in Figs. 5(e) and 5(f). Compared with normal tissue, the tumor tissue showed densely staining nuclei. The results indicated that the method has the capability to provide optical absorption and biomechanical information of biological tissues for accurate medical diagnosis.
The image quality is mainly limited by the time constant of the lock-in detector and the SNR. The unequal PA amplitudes are mainly due to the uneven light-intensity distribution and uneven detection sensitivity of the transducer. The imaging results shown above were taken with a time constant of 30 ms and average times of 10, which also affect the imaging speed. In the future, a quasi-continuous laser with a high frequency will be used to improve the SNR. The higher PA excitation efficiency of a quasicontinuous laser will highly improve the imaging quality and reduce the imaging time. Meanwhile, the quasicontinuous laser has smaller average power, which is more appropriate for the detection of biological tissues.
All experiments were performed in a water tank at room temperature (23°C). It is possible that changes in temperature can change the characteristics of biological tissues. Hence, the influence of temperature changes on viscoelastic properties of the tissues will be investigated. During the measurement, the two-dimensional images were obtained by mechanically scanning point by point. The time of laser exposure in each scanning point was about 300 ms. The laser-induced temperature increase was approximately 0.2°C whose impact on the viscoelasticity of sample could be ignored. Meanwhile, measurements of phase delay from in vivo tissues may vary because of the breathing movements of the animal. However, in the present study, such fluctuations can be reduced by increasing the average times during imaging.
In summary, we have developed a novel dualparameter imaging method based on PA lock-in measurement. This method realizes the combination of optical absorption and viscoelasticity imaging to provide structural, functional, and mechanical properties of biological tissues simultaneously with complementary contrast mechanisms. The comprehensive information from the dual-parameter imaging method provides an important basis to noninvasively diagnose and characterize pathologies.
